Purpose To compare the detection rate and visibility of the ligaments in the Lisfranc joint with a single 3D (−SPACE) MR sequence and three orthogonal PD fat-saturated sequences. Materials and methods Thirty-one asymptomatic feet and 15 patients with posttraumatic pain in the Lisfranc joint were evaluated with a 3D-SPACE-sequence (0.5 mm section thickness, acquisition time 10:22 min, secondary reformations) and three orthogonal PD fs sequences (2 mm section thickness, 9:20 min). The Lisfranc-ligament, the dorsal and plantar tarsometatarsal ligaments (TMT), the dorsal, interosseous, and plantar intermetatarsal ligaments (IMT) (24 ligaments for each foot) were assessed. Results In asymptomatic feet, 692 ligaments were detected with the SPACE sequence, thereof 90.6 % exhibited normal signal, and most (96.9 %) were completely visible on one single image. A total of 659 ligaments were detected with the PD fs sequence, thereof 86.6 % yielded normal signal, and 28.5 % were completely visible on one single image.
Introduction
Midfoot sprains with concomitant injury of the tarsometatarsal (TMT) joints are typical sequela after sports injuries. There is a wide spectrum of injuries ranging from partial sprains with no displacement to complete tears with frank diastasis as well as complex fracture-dislocations [1] [2] [3] [4] [5] . The Lisfranc joint (also the tarsometatarsal joint) is a multifaceted polyarticular system between the distal row of the tarsal bones and the five metatarsal bones [6] [7] [8] [9] . The joint complex is stabilized by the articular capsules, ligaments, and tendons [6] [7] [8] . Due to the complex anatomy, the identification of specific structures becomes difficult. However, proper identification of the extent of ligament and osseous injuries by means of imaging procedures is of importance to get the correct diagnosis and the appropriate treatment plan [10] [11] [12] [13] [14] .
The Lisfranc joint ligament system consists of the cuneometatarsal ligaments (these are usually called "Lisfranc ligaments"), the tarsometatarsal (TMT) ligaments (dorsal and plantar), and the intermetatarsal (IMT) ligaments (dorsal, interosseous, and plantar) [8] .
Several studies have focused on morphology of some of the ligaments pertaining to the Lisfranc joint [7, [15] [16] [17] [18] [19] [20] [21] . To our knowledge, only one cadaver study addressed in detail the complete intricate Lisfranc ligament anatomy [15] . New 3D sequences with secondary reformations have been successfully applied in different anatomical regions [22] [23] [24] [25] , and the MR acquisition times are feasible for clinical application. Secondary reformations have the potential for better visibility of oblique-running structures like the ligaments about the Lisfranc joint. While earlier studies using 3D-gradient echo sequences had the disadvantage of a more hyperintense signal in normal ligaments compared to spinecho sequences, recently 3D releases of turbo-spin echo sequences became available, called SPACE (Siemens Healthcare, Forchheim, Germany) or CUBE (GE Medical Systems, Solingen, Germany). These sequences employ thin-sections for secondary reformations with similar signal characteristics as conventional turbo-spin echo sequences, which may be useful for the evaluation of obliquely oriented ligaments. To our knowledge, the 3D-SPACE or CUBE sequence has been evaluated only for the ankle [26] but not for other areas in the foot.
The aim of this study was to compare the detection and visibility of the ligaments in the Lisfranc joint with a 3D-SPACE MR sequence and three orthogonal PD fs sequences in patients and asymptomatic feet.
Materials and methods
This prospective study was approved by the ethics committee and all patients and healthy volunteers provided written informed consent.
Subjects
Thirty-one volunteers (mean age 31.4 years, range 22-64 years) with asymptomatic feet were enrolled for the study. Subjects were excluded if any of the following aspects was present: history of foot trauma (e.g., fracture or ligament rupture at the midfoot), previous foot surgery, systemic disease (rheumatic disorder, diabetes, neoplasia), or contraindications to perform MRI (e.g., pacemaker, pregnancy, claustrophobia).
Fifteen consecutive patients (mean age 51.2 years, range 23-88 years) suffering from midfoot pain suspicious for fracture or ligament rupture within the Lisfranc joint were included into the study. A fellowship-trained orthopedic foot and ankle surgeon with at least 5 years of experience in his field examined all patients clinically. Twelve patients had an acute trauma and midfoot pain, four of them had a fracture of the Lisfranc joint (confirmed by computed tomography). Two of the patients with fracture were operated on. We included three patients with chronic midfoot pain.
MR acquisition
MR images of the foot were obtained using a 3-T MR scanner (MAGNETOM Verio, Siemens Medical Solution, Erlangen, Germany). Parameters for the transversely acquired 3D-SPACE (Sampling Perfection with Application optimized Contrasts using different flip-angle Evolution) T2-weighted sequence and for the three orthogonal standard PD (proton-density) fat-saturated sequences are illustrated in Table 1 . All images were acquired with a dedicated 15-channel knee coil with the patient in prone position. The foot was padded out additionally with pillows to reduce motion artefacts in the coil.
Image analysis
All MR images were evaluated independently by two radiologists with 5 years of experience in musculoskeletal imaging (EJU, VZ) who were blinded to the clinical data. Before the readout started, the first reader evaluated five random asymptomatic feet (two males, three females, mean age 36.2 years, range 27 to 50 years) to define the characteristic normal signal of all the ligaments (Table 2) . Three weeks later, the first reader analyzed all subjects. The second reader analyzed one-third of all subjects. The data of the second reader were used for interobserver data. The images were analyzed on the Philips Extended Brilliance 190P workstation, using 3D-reformats for the 3D-SPACE sequence. In accordance with the standard foot anatomy text book by Sarrafian et al. [8] , 24 ligaments in the Lisfranc joint were analyzed (C 0 Cuneiform, Cub 0 Cuboid, M 0 Metatarsal, p 0 plantar, d 0 dorsal):
The Lisfranc ligament (pC1-M2), seven dorsal tarsometatarsal (TMT) ligaments (dC1-M1, dC1-M2 (0 dorsal Lisfranc ligament), dC2-M2, dC3-M2, dC3-M3, dCub-M4, dCub-M5), six plantar tarsometatarsal ligaments (pC1-M1, pC1-M2,3 (0 plantar Lisfranc ligament), pC2-M2, pC3-M3,4, pCub-M4, pCub-M5), and ten intermetatarsal (IMT) ligaments (containing of three dorsal intermetatarsal ligaments, four interosseous intermetatarsal ligaments and three plantar intermetatarsal ligaments) (Figs. 1, 2, 3 , and 4). All ligaments were assessed concerning the overall detection and the visibility of the entire course of the ligament on one single image. If the ligament was detectable, the appearance of the ligament was assessed using a five-point score: 1 0 completely visible indicating that the entire course of the ligament is visible on one single image with normal signal, 
Lisfranc joint ligament assessment
The following ligaments were assessed:
1. Lisfranc ligaments: The Lisfranc ligament (pC1-M2) is the first and thickest interosseous cuneometatarsal ligament (medial) of three interosseous ligaments corresponding to the first, second, and third cuneometatarsal spaces. The Lisfranc ligament runs obliquely outward and slightly downward from the lateral surface of the first cuneiform (pC1) to the lower half of the medial surface of the second metatarsal base (M2) ( Fig. 1b-g cuboid with the bases of the metatarsals (Fig. 2) . The plantar Lisfranc ligament (pC1-M2,3) arises from the inferolateral surface of C1, below the Lisfranc ligament (pC1-M2) insertion and takes an oblique course, oriented laterally and distally. Proximally, it splits into a superficial component that inserts on the base of the third metatarsal and a deeper band that attaches at the base of the second metatarsal on its medial aspect. The other oblique-running plantar TMT ligament (pC3-M3,4) originates from the inferolateral surface of the third cuneiform and inserts on the bases of metatarsals 3 and 4 and is inconstant [8] .
The thin straight-running dorsal and plantar tarsometatarsal ligaments are defined as capsuloligamentous structures as they cannot be separated from the joint capsules. 4. IMT ligaments: The ten IMT ligaments run horizontally between the bases of the metatarsals with three dorsal, four interosseous, and three plantar IMT ligaments (Fig. 3) . The four interosseous IMT ligaments are very short and represent the strongest IMT. No ligament is present between metatarsal 1 and 2 on the dorsal and plantar aspect [8] . Fig. 2b-f The normal signal characteristic of the 24 ligaments are summarized in Table 2 .
Statistical analysis
Statistical analysis was performed with statistical software (SPSS for Windows, release 17.0; SPSS, Chicago, IL, USA). The detection rate and the appearance score were noted for all ligaments in patients and healthy volunteers. A Chi-square test was used to evaluate differences in the detection rate and the appearance scoring between the 3D-SPACE sequence and the PD fs sequences. A difference with p < 0.05 was considered statistically significant. We compared the point scores of the ligaments in the SPACE sequence with the point scores in the PD fs sequences for all subjects as well as for patients and healthy volunteers separately with a descriptive cross table. The interobserver agreement was determined by calculation of percentage agreement and by a weighted kappa statistics.
Results
In the 31 asymptomatic feet, 692 ligaments were detected by means of the SPACE sequence, thereof 90.6 % ligaments appeared normal (scores 1 or 2), most ligaments (90.2 %) were completely visible (score 1), only 0.4 % were partially visible (score 2). A total of 659 ligaments were detected with the PD fs sequence, 86.6 % ligaments appeared normal (scores 1 or 2), thereof one-third (28.5 %) was completely visible (score 1), but 58.1 % ligaments were seen only partially (score 2); 2.4 % ligaments were abnormal in the SPACE sequence, 2 % in the PD fs sequence (score 3 or 4); 11.4 % ligaments were absent in the SPACE sequence, 7 % in the PD fs sequence (score 5) ( Table 3 ).
In the 15 symptomatic feet, 327 ligaments were detected by means of the SPACE, 50.6 % ligaments appeared abnormal (score 3). With the PD fs sequence, 308 ligaments were detected, 43.3 % ligaments appeared abnormal (scores 3 or 4). Thereof 17.2 % ligaments were completely visible (score 3), and 26.1 % ligaments were only partially visible (score 4). 40.3 % ligaments were normal in the SPACE sequence, 42.2 % in the PD fs sequence (score 1 or 2). 14.4 % ligaments were absent in the SPACE sequence, 9.2 % in the PD fs sequence (score 5) ( Table 4) .
As expected, symptomatic feet had significantly more often abnormal signal alterations of the ligaments than the asymptomatic feet. Eleven out of the 15 patients (symptomatic feet) had ligament strains (0 definitely abnormal ligaments; score 3).
In summary, significantly (p < 0.0001) more ligaments were seen in the whole length on a single level (score 1 or 3) with SPACE (1,011 ligaments) compared to PD fs sequences (323 ligaments) (Tables 3 and 4) .
The three Lisfranc-ligaments (dC1-M2, pC1-M2, and pC1-M2,M3), two other oblique-running TMTs (dC3-M2, pC3-M3,4) and the ten IMT ligaments were better seen in the SPACE sequences than in the PD fs sequences. All three Lisfranc ligaments, the oblique-running dorsal TMT (dC3-M2) and IMT ligaments were completely visible (score 1 or 3) in the SPACE, but only partially (score 2 or 4) in the PD fs. The inconstant plantar TMT (pC3-M3,4) was more often visible in the SPACE (n 0 33) than in the PD fs sequences (n 0 4) ( Tables 3 and 4) .
In symptomatic feet, a total of 50.6 % ligaments were definitely abnormal (strain) (score 3) in the SPACE sequence, compared to 17.2 % in the PD fs sequence, whereas 0 % ligaments were probably abnormal (score 4) in the SPACE sequence, and 26.1 % in the PD fs sequence, respectively. The dorsal TMT ligaments were more often abnormal than the Fig. 3 (Tables 3 and 4 ). The most commonly abnormal ligament (11 from 15, on both sequences) was the dorsal TMT ligament between the base of the second metatarsal and the second cuneiform (dC2-M2). The diagnosis of a definitely abnormal ligament (score: 3) was easier to make in the SPACE sequence than in the PD fs sequence in the oblique-running ligaments (36 vs. 1).
The interobserver agreement of score 1 to 4 was 66 % (239 of 360 possibilities) in the SPACE sequence, and 53 % (192/ 360) in the PD fs sequence. Regarding the visibility of the ligaments (summary of score 1 and 3 as well as 2 and 4), the agreement was 75 % (270/360) in the SPACE sequence, and 58 % (207/360) in the PD fs sequence. Regarding the signal intensity of the ligaments (summary of score 1 and 2 as well as 3 and 4), the agreement was 78 % (280/360) in the SPACE sequence and 76 % (272/360) in the PD fs sequence. In the SPACE sequence, both readers agreed that eight ligaments were absent (score 5), whereas in 28 ligaments only one of the readers defined it as absent (score 5). In the PD fs sequence, both readers agreed in 26 ligaments to be absent (score 5), whereas in 34 ligaments only one of the readers defined it as absent (score 5).
The weighted kappa statistics showed a fair overall interobserver agreement of 0.30 for both the PD fs sequence and the SPACE sequence. The interobserver agreement for the interosseous Lisfranc ligament was good for the SPACE sequence (0.67), while there was only slight agreement for the PD fs sequence (0.20). For the dorsal TMTs, agreement was fair (0.36 for SPACE and 0.24 for PD fs), for the plantar TMTs agreement was fair (0.34 for SPACE and 0.41 for PD fs), and for the IMTs there was slight agreement for SPACE (0.20) and fair agreement for PD fs (0.29).
Discussion
The diagnosis of subtle Lisfranc injury may be delayed or missed altogether. Such injuries are predisposed to cause chronic instability, deformity, and pain [12, 27, 28] . Lisfranc joint injuries can be difficult to accurately diagnose because gross lateral deviation or subluxation of the forefoot is less common than subtle midfoot injury. Patients often present with inability to bear weight and swelling in the midfoot region. Examination of the foot reveals forefoot and midfoot edema as well as plantar arch ecchymosis (i.e., plantar ecchymosis sign), which is considered to be characteristic for Lisfranc complex injury [29] . Clinically and radiographically, when noting a diastasis between the first and second ray, the patient is said to have a positive gap sign [30] . In those cases with a clinically and radiographically evident diastasis, sufficient information is provided to make the diagnosis. Subtle ligamentous injuries to the Lisfranc joint are often difficult to detect and go mis-or underdiagnosed. However, proper detection and assessment of those lesions is mandatory in order to apply the correct therapy, which includes nonoperative and operative measures [10] [11] [12] [13] [14] .
Usually, ligamentous instability can be differentiated into incomplete and complete. The incomplete ligamentous disruption was classified into three groups by Nunley and Vertullo [4] : stage I -ligament sprain without diastasis, stage II -ligament rupture with diastasis of 2-5 mm between the first and second metatarsals without arch height loss and stage III ligament rupture with diastasis > 5 mm and loss of midfoot arch height. The incomplete ligamentous disruption Fig. 4a-d group (stage I to III) varies from subtle, nondisplaced injuries that need activity modification only, to partially unstable injuries that need an ORIF (open reduction internal fixation). The therapy of complete ligamentous disruption is controversial as to whether arthrodeses is better than ORIF in any case because of prevalent development of degenerative joint disease after ORIF in the long term [10] .
Evaluation of an injured tarsometatarsal joint includes the assessment of dorsal and/or plantar instability. A complete rupture may already be diagnosed clinically by means of a manual stress test (hypermobility of the Lisfranc joint when compared with the healthy side) and easily seen on weightbearing radiographs [28] . Concerning subtle ligamentous injuries, MR imaging can be useful to get information about the extent of injury and the quality of the ligaments. For the surgeon, it is important to know whether the ligament is still attached to the bone, or elongated, massively degenerated, or even absent. In a recent study evaluating the predictive value of MRI for midfoot instability, Raikin et al. [20] found that MRI demonstrating a rupture or grade 2 sprain of the plantar ligament between the first cuneiform and the bases of the second and third MTs is highly predictive of midfoot instability, and these patients should be treated with surgical stabilization.
The current study with a three-dimensional MR sequence (SPACE) and isotropic secondary reformations shows the potential clinical value of a three-dimensional MR sequence. These sequences may help the orthopedic surgeon deciding on the therapy for subtle Lisfranc injuries. Although we were not able to provide surgically confirmed accuracy results, our data indicate that the Lisfranc ligament injuries may be better diagnosed with a three-dimensional MR sequence (SPACE) than with conventional MR sequences based on the higher detection rate, better demarcation, and high interobserver agreement.
The 3D-SPACE sequence features a refocusing pulse train consisting of variable flip-angle pulses of less than 180°. The SPACE sequence acquired on a 3-T scanner combines high spatial resolution (0.5-mm isotropic resolution) and good T2 contrast within an acceptable examination time (10 min, 22 s) by using long echo trains with short echo spacing and high echo train length. The introduction of higher field strengths such as 3T has further improved the diagnostic capability of such sequences in musculoskeletal MRI [31] [32] [33] . The acquisition time of 3D T2w SPACE in our study was 1 min longer than that of three orthogonal PD fs sequences with acceleration of the image acquisition by parallel imaging. However, the longer acquisition time of the 3D T2w SPACE MR sequence resulted in a higher ligament detection rate.
The SPACE sequence has been applied in several studies assessing other regions of the body where high anatomic resolution is required such as the central nervous system [24] , the body trunk [23] , the craniocervical junction [22] and the knee [25, 34, 35] . The voxel size of the 3D-SPACE sequence or 3D-FSE-Cube sequence, respectively, for assessment of the craniocervical ligaments was 0.9 mm [22] , for the knee 0.5 mm [25] , and for the ankle 0.6 mm [26] , with comparable detection and visualization of anatomic details to routine 2D-TSE sequences, with the advantage of free 3D reformation.
In summary, the ligaments of the Lisfranc joint are more commonly detectable and better visible with a single 3D-SPACE sequence compared to three orthogonal PD fs MR sequences. The intricate anatomy of the ligaments of the Lisfranc joint can be precisely illustrated with the 3D-SPACE MR sequence. Thus, we believe that the 3D-SPACE MR sequence is a promising MR sequence in the evaluation of normal and pathologic ligaments of the Lisfranc joint.
